The purpose of this study was to improve bimodal benefit in listeners using a cochlear implant (CI) and a hearing aid (HA) in contralateral ears, by matching the time constants and the number of compression channels of the automatic gain control (AGC) of the HA to the CI. Equivalent AGC was hypothesized to support a balanced loudness for dynamically changing signals like speech and improve bimodal benefit for speech understanding in quiet and with noise presented from the side(s) at 90 degree.
INTRODUCTION
Research on the combined use of a cochlear implant (CI) and a contralateral hearing aid (HA) is an area of growing interest and importance. Since inclusion criteria for CI selection are expanding (Gifford 2011) , more and more people with considerable residual hearing are implanted who can potentially benefit from "bimodal" stimulation. According to a recent survey in our clinical center, about one-third of the unilateral CI recipients uses a conventional HA in the opposite ear. This bilateral combination of acoustic and electric information delivered by the CI and the HA has been shown to result in a wide range of benefits over a unilateral CI, at least in some patients, including improved speech understanding in noise, music and voice pitch perception, and sound-source localization (Armstrong et al. 1997; Tyler et al. 2002; Kong et al. 2005; Ching et al. 2007; Dorman et al. 2008; Firszt et al. 2008; Straatman et al. 2010; Zhang et al. 2010; Shpak et al. 2014) .
The HA typically provides access to some of the lower frequencies that are not available through the CI (Francart & McDermott 2013 ). This complementary information may support voice pitch perception and the perceived naturalness of sounds, among other benefits (Ching et al. 2007 ). In addition, bimodal stimulation possibly results in improved spatial hearing through binaural processing, provided that interaural level differences (ILDs) are available (Francart & McDermott 2013) . These bimodal and binaural cues may improve horizontal sound localization and help segregating the target speech signal from a mixture of sounds or competing speakers, which is challenging for hearing-impaired people, and CI users in particular (Ching et al. 2007 ; van Hoesel 2012) .
In current clinical practice, bimodal devices are often fit separately, lacking to ensure optimal perception of binaural cues. ILDs would be better preserved with a HA frequency response that creates equal loudness with the CI, which was the topic of several studies on bimodal fitting (Blamey et al. 2000; Ching et al. 2007; Potts et al. 2009; Francart & McDermott 2012) . However, even with a perfect loudness balance across the dynamic range for stationary sounds, ILD cues may still be disrupted for inputs with dynamically changing intensities, like speech sounds, because of differences in signal processing. The automatic gain control (AGC) in both devices can react differently on changes in sound level, generating unstable binaural cues (Moore 2007) .
AGC circuits in hearing devices aim to map incoming sounds into the reduced dynamic range of the hearing-impaired ear by controlling the gain as a function of signal level to optimize audibility of low-level sounds and avoid discomfort of highlevel sounds (Dillon 2001) . In most systems, linear amplification is applied up to a certain input level, called the compression threshold or knee point. Above this input level, the signal is compressed. The speed with which the AGC reacts to sudden increases and decreases of the input sound level is determined by the attack and release times, respectively (Moore 2008) . Typical settings are fast "syllabic" compression (<10 msec attack and 10 to 50 msec release time) to reduce intensity differences between speech sounds, or slow compression (>100 msec attack and >400 msec release time) to adapt to the overall level of speech and other sounds (Dillon 2001) . Very slow compression systems (attack and release >1 second) are often referred to as "automatic volume control." Both approaches can be combined, for instance in a dual front-end AGC system, incorporating a slow AGC loop to control overall signal level and a fast AGC loop to reduce sudden changes in sound level (Moore 2008 ). There may be one AGC reacting to all frequencies in the input signal to control the overall gain, or multiple AGCs that work independently in different frequency bands. In effect, a wide variety of AGC circuits are available in modern hearing devices (Dillon 2001) .
Currently, there are no commercially available CI processors and HAs specifically designed for combined use, so AGCs differ in design and therefore in operation. The amount of mismatch in AGC characteristics most likely differs widely across combinations of devices, possibly explaining part of the interindividual differences in bimodal benefit often observed, and also of the success rate and acceptance of the HA by CI users (Mok et al. 2006; Fitzpatrick & Leblanc 2010) . To the best of our knowledge, the effect of dissimilar AGCs compared with identical AGCs in bilateral devices has never been studied.
In this study, we aimed to increase bimodal benefit using a similar design of the AGC in the CI and HA. Bimodal listeners were included who used the Advanced Bionics Harmony processor in one ear and the Phonak Naida IX UP HA in the other ear. Because the CI is the main source of auditory information in most bimodal patients, no alterations were done to the AGC circuit of the CI. To determine the effect of the compression characteristics of the HA used in conjunction with a CI, bimodal performance was compared with the Naida HA with standard multichannel fast-acting compression and with its compression matched to the dual-loop AGC in the Harmony processor (Boyle et al. 2009 ). The effect of matching AGC characteristics on bimodal benefit was examined by testing speech understanding in quiet and in noise with target speech presented from the front and noise presented from the sides, as well as through subjective judgments. Although all subjects in this study had at least 2 months of bimodal experience, they differed in aspects such as the amount of residual hearing and duration of deafness, which were considered factors associated with bimodal performance.
METHODS

Subjects
Fifteen postlingually deaf subjects (10 males, 5 females; mean age 61 ± 12 years) were recruited that all used the same type of CI speech processor (Harmony, Advanced Bionics, Sylmar, CA) in 1 ear and an acoustic HA (Naida S IX UP, Phonak, Stäfa, Switzerland) in the other ear for 2 months preceding this study. Six subjects were already bimodal users before that time, but then used other types of HAs. Subjects were selected with thresholds in the nonimplanted ear better than 110 dB HL at 500 Hz. Audiometric thresholds and demographic details of the subjects are reported in Tables 1 and 2 , respectively. The study was approved by the Local Ethics Committee of the Radboud University Nijmegen (40327.091.12).
Study Design and Conditions
The study consisted of a three-visit crossover design with 4 weeks between sessions (Fig. 1) . We compared the AGC as programmed in a commercially available HA (Naida S IX UP; "standard HA"), with an experimentally programmed version of the same aid, featuring an AGC that was adjusted to match the Harmony CI's AGC (same device, "AGC-matched HA"). In this AGC-matched HA, AGC time-constants and compression channels were similar to the CI processor. For the crossover design, subjects were divided in two groups, without significant differences in hearing thresholds (Fig. 2) , age (62 ± 11 and 61 ± 13 years), gender (4 and 6 males), postimplant duration of CI use (5.1 ± 2.2 and 5.5 ± 2.9 years), and side of implant (6 and 4 were subjects implanted on the left side). Visits were scheduled on average 31 days apart, with a minimum of 22 days, to allow for HA acclimatization during a take-home period. Subjects were not told which type of AGC was programmed in the HA. For all subjects, we fitted HAs according to the same procedure that aimed to create a loudness balance with the CI across loudness levels and across frequency bands. After the acclimatization period, bimodal benefit was evaluated by assessments of speech understanding in quiet and in noise and by questionnaires. Speech reception thresholds at the signal to noise ratio for 50% performance (SNR50) were determined for several speaker configurations with target sentences always presented from the front and noise presented from the side(s). We compared speech perception performance in the bimodal conditions with the CIonly listening situation.
AGC Characteristics
The harmony CI processor has a single-channel dual-loop AGC system incorporating both slow and fast attack and release time-constant circuits, and a compression ratio of 12:1 (Boyle et al. 2009 ). Operation is normally controlled by the slow AGC loop; the fast AGC loop rapidly reduces gain in case of sudden increases. This compression system was implemented as close as possible for speech signals in the AGC-matched HA as follows: (1) slow (240 and 1500 msec) and fast (3 and 80 msec) time-constants were programmed into the HA. (2) Compression channels in the HA were coupled to mimic the single channel broadband compression as present in the CI processor. For comparison, the standard HA uses multichannel compression that operates independently in 20 different frequency bands with a 1-msec attack time and 50-msec release time. Given the differences in loudness growth between the CI and HA, the compression ratio in both HAs was set during the loudness balancing procedure, usually resulting in strong compression above 63 dB SPL (≥10:1 in 12 subjects, 5:1 in 2 subjects and 2.5:1 in 1 subject), approaching the 12:1 ratio of the CI processor. Below 63 dB SPL input,
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VEUGEN ET AL. / EAR & HEARING, VOL. 37, NO. 3, [260] [261] [262] [263] [264] [265] [266] [267] [268] [269] [270] amplification approximated linear behavior with a compression ratio of 1.5 ± 0.4 on average across subjects. In all devices (both HAs and the CI), the compression knee point was fixed at 63 dB SPL, considering the long-term average speech spectrum. Above this knee point, the slow AGC loop (in the CI and AGC-matched HA) or syllabic compression (in the standard HA) was activated. The fast compressor of the dual-loop AGC was activated above 71 dB SPL or when the output increased by more than 8 dB on top of the level as determined by the slow AGC loop. Attack and release times were identical below and above 63 dB SPL. Both HAs used a fastacting compression circuit to limit output levels according to the maximum power output around 134 dB SPL and frequencydependent expansion for input levels below 30 dB SPL to attenuate microphone noise.
In Figure 3 , we visualized how speech is processed by both HAs, using standard procedures for percentile analysis . In this figure, the 30th percentile denotes the level that is exceeded by 70% of the short-term (125 msec) speech levels. The 30th, 65th, and 99th percentiles thus represent soft, moderate, and loud components in speech. The AGC-matched HA resulted in a large output dynamic range compared with the standard HA, as a result of its small effective compression ratio due to longer AGC time-constants. Syllabic compression in the standard HA reduces the output dynamic range by making soft sounds louder and loud sounds softer.
Device Settings
All subjects kept using their "everyday" CI program. Adaptive features and settings (directionality, noise reduction, etc.) were turned off in the CI and HA for the entire duration of the study, except for the HA's adaptive feedback canceller ("WhistleBlock") in case of feedback problems. Disabling the adaptive features ensured that signal processing in both devices was only controlled by the AGC mechanisms that were under 
Hearing Aid Fitting
HAs were fitted according to the same procedure for all subjects. Fittings were based on in situ pure-tone audiometry ("AudiogramDirect"), for which sounds were presented through the HA and levels controlled by the fitting software. Our aim was to establish a loudness balance between the CI and the HA across the dynamic range and across frequencies. First, the Advanced Bionics/Phonak bimodal fitting formula was used to prescribe HA gain, eliminating gain if hearing thresholds exceeded 120 dB HL and optimizing audibility by providing more gain at the low frequencies than the conventional fitting rule (Chalupper et al. 2015) ; the latter was applied to maximize the effective audibility (Ching et al. 2001a (Ching et al. , 2001b .
We adjusted the HA gain to match loudness with the CI for input signals at 2 intensities (45 and 80 dB SPL) and in 3 frequency bands (250 to 548 Hz, 548 to 1000 Hz, and 1000 Hz up to the frequency where hearing loss exceeded 120 dB HL). The CI was left at the subjects' default everyday volume setting. Loudness balancing was performed using a speechshaped steady state noise (male speaker, track one of the International Collegium of Rehabilitative Audiology [ICRA] noises; Dreschler et al. 2001) , which was transformed to the Fourier domain to obtain the three frequency bands. Noise bursts of 1.5 seconds with ramps of 40 msec were presented alternately to the CI and HA via direct audio input, with an interstimulus interval of 0.6 seconds. The stimulus continued playing while we adjusted the HA gain per frequency band and input level with the HA fitting software, until the patient confirmed equal loudness in both ears. Balancing input sounds at 80 dB SPL only affected the compression ratio above 63 dB SPL. Below this knee point, the HA was linear after initial fitting with the prescriptive formula, but balancing the soft 45 dB SPL level could result in weak compression, as explained above. The whole fitting procedure was performed at the first visit in approximately 10 to 15 min; the same gain settings were used for the matched and unmatched AGC HAs.
For loudness balancing of the 80 dB SPL presentation level, a continuous high-level tone of 6 kHz was fed into the CI processor to keep the AGC circuit in steady state. This tone was made inaudible by setting the upper stimulation level of the channel corresponding to 6 kHz to 0 μA. The 40-msec ramps were enough to avoid transient overshooting of the syllabic compressor of the HA.
Speech Tests
Subjects were seated in a sound-treated room with reverberation times measured at the location of the listener in onethird octave bands according to ISO 354:2003. A time-constant (RT 60) of 240 msec was found in the frequency range of 90 to 500 Hz, and 70 msec for 500 to 6000 Hz. Three loudspeakers (JBL Control 1, Harmon International Industries, Washington, DC) were positioned at a distance of 1 m from the patient's head at 0, +90, and −90 degree azimuth. Sound stimuli used in this study were delivered through an external soundcard (RME Babyface, Audio AG, Haimhausen, Germany) and a main amplifier Ecler, Spain) . Free-field presentation levels were calibrated using a sound level meter (Brüel & Kjaer 2260 investigator) at the position of the subject's head. Target words and sentences were always played via the loudspeaker directly in front of the patient at 0 degree.
The NVA (Nederlandse Vereniging voor Audiologie) Dutch monosyllabic word test was used to assess speech understanding in quiet (Bosman & Smoorenburg 1992) . In every session, 3 lists of 12 words were presented at 65 dB SPL in each CI-only, HA-only, and bimodal condition. For statistical analysis, the percentage phonemes that was correctly repeated was transformed to rationalized arcsine units (RAU) to stabilize the error variance in the presence of floor and ceiling effects associated with scores reaching 0% or 100% (Studebaker 1985) .
For speech understanding in noise, we used the Leuven Intelligibility Sentence Test (LIST; van Wieringen & Wouters 2008) , consisting of 35 lists with 10 sentences. Target sentences were presented at 65 dB SPL and the noise was varied in steps of 2 dB to obtain the SNR for 50% performance (SNR50), which was calculated as the mean presentation level (in SNR) of the last 5 
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Group 1 (n = 7) Group 2 (n = 8) Fig. 2 . Pure-tone hearing thresholds (mean ± 1 SD) in the nonimplanted ear for the two subgroups of the crossover design. Group 1 started with the standard HA and group 2 started with the AGC-matched HA. Thresholds beyond the audiometer limit (120 dB HL) were assigned a value of 125 dB HL. AGC indicates automatic gain control; HA, hearing aid. & HEARING, VOL. 37, NO. 3, [260] [261] [262] [263] [264] [265] [266] [267] [268] [269] [270] sentences and 1 level beyond. The first sentence of each list was presented at a 0 dB SNR and was repeated while decreasing the noise level until correctly identified by the patient. The SNR50 was always determined twice for each condition in every session and averaged for statistical analysis. We used the stationary speech-weighted noise that is provided by the LIST sentences (F0 at 210 Hz, determined by Praat software; Boersma & Weenink 2001) , having a frequency spectrum similar to the average target speech. Furthermore, tests were performed with a single competing talker (singletalker noise), generated from the International Female Fluctuating Masker (IFFM) with F0 adjusted to 180 Hz (EHIMA, 2013) . Noise was either presented from the front (S0N0), from the implanted side (S0NCI), from the HA side (S0NHA) or uncorrelated noise was presented from both sides simultaneously (S0N±90). S0N±90 was tested with both types of noise; S0N0, S0NCI, and S0NHA were only tested with single-talker noise. In the S0N±90 conditions, noise levels were reduced by 3 dB to achieve the same overall RMS level as for the unilateral signals.
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During the two sessions after each HA acclimatization period, speech understanding in noise was evaluated for all speaker configurations in the bimodal condition. CI-only performance was only tested at the end of this study for all subjects in all speaker configurations except for S0N0, which was only measured in 8 subjects. Bimodal benefit was calculated as the difference in SNR50 of the CI-only minus the bimodal listening condition (Ching et al. 2001a (Ching et al. , 2001b Dorman et al. 2012) , with higher values indicating more benefit. Spatial release from masking (SRM) was calculated by subtracting the threshold in a spatially separated noise configuration (S0NHA and S0NCI) from that in S0N0.
Questionnaires
Every week during the take-home period, subjects filled in seven basic questions concerning everyday listening situations, to monitor acclimatization to the new settings. After acclimatization, subjects were asked to fill in the speech, spatial, and qualities of hearing scale (SSQ) to assess subjective experience of bimodal hearing (Gatehouse & Noble 2004 ). For both questionnaires, ratings were given on a 0 (not good) to 10 (perfect) scale. Questionnaires were used to screen for differences between bimodal fittings in the perceived handicap on several binaural hearing functions. All questionnaires were returned at the time of speech testing. One subject forgot to fill in the questionnaires for the AGC-matched HA.
Quick Subjective Preference
At the end of the study, subjects were presented four HA fittings and we asked for their preference in a quick listening test. These fittings included the standard and AGC-matched HA from this study, as well as two older HA fittings that these subjects once tried in a previous study (AGCs not matched; Veugen et al. 2014) intended as a diversion. Subjects were asked to rate "sound clarity" and "sound quality" on a five-point Likert scale (ranging from "very bad" to "very good"), while listening to everyday sentences (Versfeld et al. 2000) . Ratings were obtained for 2 loudness levels: 4 sentences were presented at a normal conversational level of 65 dB SPL and another 4 sentences were presented at 75 dB SPL, ensuring maximum effect of the AGCs. Fittings were presented according to a randomly chosen 4 × 4 Latin square design. We only analyzed the ratings of the standard and AGC-matched HA.
Statistics
The data were reported as mean values ± 1 intersubject standard deviation. Results were analyzed using linear mixed model procedures treating subject as a random factor. For speech understanding in quiet, we used a fixed factor device (CI-only, bimodal-standard AGC, bimodal-matched AGC, HA with standard AGC, HA with matched AGC). The bimodal benefit was tested per speaker configuration with the fixed factor AGC (standard, matched). Besides the AGC factor, we added a second factor noise (stationary, single-talker) to test benefit as measured in the 2 S0N±90 conditions. SSQ scores were analyzed per AGC (standard, matched); for the weekly questionnaire, we added the factor week (1st, 2nd, 3rd, 4th week). Posthoc analyses were performed using pairwise comparisons with Bonferroni-adjusted unweighted means. A Wilcoxon signed rank test was used to test the effect of AGC on the ratings for clarity and comfort for 65 and 75 dB SPL speech sounds. & HEARING, VOL. 37, NO. 3, [260] [261] [262] [263] [264] [265] [266] [267] [268] [269] [270] 265
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We tried to explain individual differences in bimodal benefit by subject characteristics, using Pearson correlation analysis. For each of the four speech in noise speaker configurations, the benefit as averaged over the two HAs and the difference in bimodal benefit between HAs was compared with age, the low-and high-frequency pure-tone average, duration of CI use, electrical dynamic range across electrodes, and duration of bimodal use.
RESULTS
Speech Understanding in Quiet
Percentages phonemes correct, transformed to RAUs, are shown in Figure 4 for the CI-only, HA-only, and bimodal conditions with both the standard and AGC-matched HA. The RAU scale ranges from −23 to 123 RAU, corresponding to 0 and 100% (Studebaker 1985) , explaining the values in Figure 4 ; within the range from 20 to 80 RAU, values are equivalent to percentages. RAU scores significantly differed between the different listening modes [F(4,56) = 100.02, p < 0.001]; CI-only and bimodal scores were significantly better than HA-only scores (p < 0.001; p = 1 for all other pairwise comparisons).
Speech Understanding in Noise
We found a significant improvement of 0.69 ± 4.03 dB over the 2 SNR50 thresholds measured per listening condition [F(1,322) = 4.03, p = 0.046]. However, as this improvement showed no interaction with speaker configuration or condition (CI-only and both bimodal fittings), values for SNR50 were averaged per condition for statistical analyses. For each speaker configuration, Figure 5A shows the SNR50 of the CI-only and the bimodal conditions, and Figure 5B shows the bimodal benefit for the standard and AGC-matched HA, with higher values indicating more benefit. We analyzed bimodal benefit per speaker configuration, as described below.
S0NHA
Tested across types of AGC, no significant overall bimodal benefit was found when single-talker noise was presented from the HA side [F(1,14) = 3.80, p = 0.071], but the AGC-matched HA resulted in significantly higher benefit (3.0 ± 4.2 dB) than the standard HA [1.1 ± 4. 
S0NCI
With single-talker noise presented from the CI side, a significant bimodal benefit was found when tested across HA types 
S0N±90
For both single-talker and stationary noise, we obtained no significant bimodal benefit with two uncorrelated noise sources. Furthermore, the benefit did not differ between HAs either. When testing the HAs separately, we found a significant amount of bimodal benefit for the AGC-matched HA in singletalker noise [2.4 ± 3.9 dB, F(1,14) = 5.58, p = 0.033], but not for the standard HA [1.5 ± 5.2 dB, F(1,14) = 1.31, p = 0.27]. No significant bimodal benefit was found in the test condition with stationary speech-weighted noise [standard HA: 0.7 ± 3.1 dB, F(1,14) = 3.58, p = 0.079; AGC-matched HA; 1.8 ± 3.7 dB, F(1,14) = 0.82, p = 0.38]. We did not find a significant difference in bimodal benefit between the single-talker and stationary noise conditions [F(1,42) = 1.68, p = 0.20].
S0N0
This configuration was only measured in 8 subjects due to time constraints and is therefore not displayed in Figure 5 . On average, the benefit was 1.0 ± 4.5 dB for the standard and Individual results of bimodal benefit for the two HAs are displayed in Figure 6 . Points above the diagonal indicate that the benefit with the AGC-matched HA was larger than with the standard HA. For all speaker configurations, moderate to strong correlations were obtained between the benefits resulting from both HAs; S0N±90 with stationary noise (r = 0.60, p = 0.017), S0N±90 with single-talker noise (r = 0.74, p = 0.001), S0NCI (r = 0.88, p < 0.001), and S0NHA (r = 0.79, p < 0.001). Subjects performed similarly for all speaker configurations.
Variability of performance, as assessed by the intersubject standard deviation, was biggest for the standard HA in the single-talker S0N±90 and S0NCI configuration (both 5.2 dB); for S0N±90 (stationary noise), the standard deviation was 3.1 dB and for S0NHA it was 4.3 dB. For the AGC-matched HA, the standard deviations ranged between 3.6 and 4.2 dB, suggesting less variability between subjects.
Spatial Release from Masking
SRM was calculated as the increase in performance by moving the single-talker noise from a position coincident with the target (S0N0) to a spatially separated one (S0NHA and S0NCI in Fig. 7 ). Overall SRM, tested across both types of HA, was significant only for the S0NHA configuration [F(1,14) = 35.58, p < 0.001], but did not differ significantly between HA types. Also when testing the HAs separately for S0NHA, both showed significant SRM: 3.8 ± 3.0 dB for the standard HA [F(1,14) = 23.53, p < 0.001] and 4.4 ± 3.5 dB for the AGC-matched HA [F(1,14) = 24.13, p < 0.001]. For S0NCI, no significant SRM was found (−0.6 ± 2.5, standard HA; −1.2 ± 3.1 dB, AGCmatched HA) and also the difference between HA types was not significant.
Questionnaires
Mean ratings to the subscales of both questionnaires are listed in Table 3 (ratings for the questionnaire that monitored acclimatization were averaged over the 4 weeks). No significant differences between HA types were found for any of the three general domains of the SSQ or its subsections (Gatehouse & Akeroyd 2006). The bimodal listening questionnaire that was filled in every week to monitor the take-home period did not show any effects of time, suggesting no effect of acclimatization. In these questionnaires, the AGC-matched HA was ranked significantly better for understanding 1 person in quiet [F(1,94.11 (Table 3) .
Preference
At the end of the study, we performed a test to assess the subjective preference of the subjects for the two bimodal conditions tested in this study (Table 4) . A significant difference between bimodal fittings was only observed in the ratings given to listening comfort of 75 dB SPL sounds (Z = −2.454, p = 0.014): the AGC-matched HA was rated better (3.8) than the standard HA (3.4).
At the end of the study, 9 subjects (1, 3, 4, 5, 6, 8, 11, 13, 14) chose to take home the AGC-matched HA, 1 subject (12) preferred the standard HA, and the other 5 subjects (2, 7, 9, 10, 15) did not have a preference. Averaged across HAs and speaker configurations, the 9 subjects preferring the AGC-matched HA showed a bimodal benefit for speech understanding in noise of 2.9 dB, compared with only 0.5 dB for subjects without preference and 1.8 dB for the subject that preferred the standard HA. Interestingly, bimodal benefit for speech understanding in noise was on average 1.0 dB higher with the AGC-matched HA than with the standard HA for the 9 subjects preferring the Bimodal benefit (standard AGC) (dB) Bimodal benefit Fig. 6 . Individual scores of bimodal benefit for speech understanding in noise in four speaker configurations, comparing the HAs with standard and matched AGC. Marker color indicates HA preference after the study (white for the AGC-matched HA, grey for the standard HA, black means no preference). Data points in the dark area indicate that a negative effect (bimodal interference) was obtained with both HAs. Subjects are indicated by the same marker in all subplots. AGC indicates automatic gain control; HA, hearing aid. AGC-matched HA, comparable with the 1.3 dB found for the group of five subjects without a preference.
Factors Correlating with Bimodal Benefit
We did not find a significant correlation between the difference in benefit between both HAs or the average benefit per speaker configuration and any of the subject characteristics.
DISCUSSION
To the best of our knowledge, this is the first study to demonstrate additional bimodal benefit for speech understanding in single-talker noise, achieved by matching the AGC characteristics of the HA to that of the CI. The commercially available HA (syllabic compression only) resulted on average in 0.7 to 2.5 dB bimodal benefit over the 4 speaker configurations tested, which was improved by an additional 0.6 (S0NCI) to 1.9 dB (S0NHA) when using a HA that was especially engineered to mimic the dual AGC-loop of the CI processor. Questionnaires and a subjective preference test were also in favor of the HA with matched AGC. These findings of improved bimodal benefit with AGC-matched devices were furthermore supported by the fact that the majority of the subjects preferred the AGCmatched HA for use after the study.
AGC Matching
Matching AGC characteristics across devices minimizes differences in the sound processing of dynamically changing signals like speech. Therefore, the positive results we found with the AGC-matched HA may partly be the result of reduced interaural mismatches in loudness, causing less conflicting binaural information and increased listening comfort. AGC matching possibly improved binaural processing, since an extra bimodal benefit of 1.9 dB was found when single-talker noise was presented from the HA side, which is the least favorable SNR side when comparing bimodal stimulation to unilateral CI use. Possible binaural cues likely depend on the overlapping input frequency range between devices and the loudness balance between ears. Because temporal fine-structure ITD cues are highly distorted or absent after CI signal processing, ILDs are thought to be the most important localization cue for bimodal listeners, even though ILDs are much less pronounced for the lower frequencies that are audible through the HA in these subjects (Francart & McDermott 2013) . A prospective study is needed to investigate the exact contribution, or availability, Clarity 65 dB SPL speech 4.0 ± 0.6 4.0 ± 0.7 Comfort 65 dB SPL speech 3.8 ± 0.5 3.9 ± 0.6 Clarity 75 dB SPL speech 3.9 ± 0.5 3.9 ± 0.7 Comfort 75 dB SPL speech* 3.4 ± 0.9 3.8 ± 0.5
of ITDs and ILDs in these subjects, for example, in a soundlocalization task. The AGC time-constants of the standard Naida HA are comparable with the fast time-constants of the Harmony CI processor (1 versus 3 msec attack time, and 50 versus 80 msec release time, for the HA and CI, respectively). However, the dual-loop AGC system of the CI processor also comprises a slow component (240 and 1500 msec attack and release time), not matched by the standard HA (Boyle et al. 2009 ). Speech at a conversational level, without sudden increases in signal level, normally does not trigger the fast loop of the CI processor, but it does trigger the syllabic compressor in the HA. Therefore, conversational speech and other soft to moderate signals will create unmatched binaural input, possibly leading to conflicting ILD cues and increased listening effort. Since compression is applied on the total mixture of incoming sounds, syllabic compression may reduce perceptual segregation by applying a common component of modulation to independent sound sources (Stone & Moore 2007 ). This problem is reduced for slow compression, which preserves most temporal fluctuations in speech signals. From that point of view, the impact of turning syllabic compression into a slow-acting system would be higher in our speech tests with single-talker noise than with stationary noise. Apart from matching, subjects possibly also may have benefitted from the more veridical temporal envelope received with the dual-AGC HA. On the other hand, fast-acting compression can improve the SNR by amplifying speech during temporal dips of the noise. Since percentages phonemes correct were not significantly different between the two HA-only conditions, we believe that most benefit can be attributed to matching the AGCs.
Apart from reengineering time-constants, the HA's multichannel compression (operating independently in different frequency bands) was converted to single-channel compression as is present in the CI processor. When using single-and multichannel compression in contralateral ears, mismatches in ILDs could be different in each frequency band of the multichannel system. However, this probably played a minor role because the frequency range of residual hearing in most of our subjects only spanned a small number of compression channels of the original HA, and speech signals usually do not exhibit many lowfrequency fluctuations.
Choosing equivalent AGCs in both devices is a promising first step in improving bilateral hearing. Real-time synchronization of the compression in the CI and HA may further help in preserving ILDs across the dynamic range, by ensuring equal gain at both ears at all times. Wireless ear-to-ear communication has already been shown to improve sound localization and SSQ scores in the speech, spatial, and quality domain of bilateral HA users (Hansen 2008; Smith et al. 2008; Sockalingam 2009; Kreisman et al. 2010) . With synchronized compression, speech understanding in noise has been reported to improve by 8 to 14% in a simulation study with normal-hearing subjects (Wiggins & Seeber 2013) . Other studies also involved synchronized noise-reduction systems or microphone directionality modes, which resulted in better sound-localization abilities and equivalent or even improved speech understanding in noise (Kreisman et al. 2010; Ibrahim 2012) . Possibly, the benefit is larger for bimodally fitted subjects who have little or no access to ITDs, or the advantage may be smaller than in bilateral HA fittings because of the mismatches in frequency ranges and different signal traveling paths in acoustic and electrical hearing.
If the ILDs indeed improved because of AGC matching, an accurate loudness balance between the CI and HA could potentially lead to even more benefit. We made an attempt by matching stimuli with 45 and 80 dB SPL input in different frequency bands, but ideally loudness should be matched over the whole dynamic range. However, developing a procedure to establish equal loudness growth in both devices across the whole input frequency range would also require adjustments in the CI fitting, which fell beyond the scope of the present study.
Bimodal Benefit
Averaged across subjects, the combined use of a HA and CI resulted in improved performance compared with CI-only measurements for all speaker configurations. The benefit presently found agrees with results reported in earlier studies, both qualitatively and quantitatively. More benefit is observed when noise is presented from the CI side than from the HA side, and more benefit is found with competing talker than with stationary speech-weighted noise (Tyler et al. 2002; Morera et al. 2005; Spriet et al. 2007) . Measured benefits with the standard HA were consistent with earlier reports: 1.1 dB in S0NHA and 2.5 dB in S0NCI (Ching et al. 2007 ). With the AGC-matched HA, a bimodal benefit of up to 3.1 and 3.0 dB was found in the S0NCI and S0NHA configurations, which fits well with results from the better bimodal users reported in other studies (Ching et al. 2007) . Note that 50% speech reception thresholds were found at positive SNRs for all subjects and speaker configurations, indicating the task difficulty for these subjects. For speech understanding in quiet, we did not find an improvement for bimodal hearing over the CI-only condition, in line with several other studies (Ching et al. 2001a, b ; Tyler et al. 2002) . However, subjects with better residual hearing have been shown to benefit from using a HA in conjunction with the CI for understanding words in quiet (Mok et al. 2006; Potts et al. 2009 ). In addition, in these earlier studies, there was often more room for improvement in the CI-only condition than in our study.
Because of time constraints, we measured speech understanding in noise for the CI-only condition only at the end of our study. Since all subjects were fully familiarized with the task, we do not think that procedural learning could have influenced our results. It should, however, be kept in mind that at the end of our study, subjects may have been unfamiliar with the CI-only listening situation, after having used bimodal stimulation on a daily basis for at least 4 months. This could have overestimated the amount of bimodal benefit, a recurring issue in bimodal research. Note however, that this could not have affected our main outcome on the difference in bimodal benefit between the standard and the AGC-matched HA.
The benefit of bimodal stimulation over unilateral CI use can be explained by several underlying mechanisms. The redundancy effect states that there is an advantage of listening with both ears, even when speech and/or noise come from the same direction (Ching et al. 2007) , possibly compensating for the noisiness in each auditory/cognitive pathway. Second, the HA adds acoustic low-frequency information that is not available through the CI, often referred to as complementarity of information. This is thought to aid in voice pitch perception, which can help to segregate sound streams of different voices, as present in several of our speech in noise tasks (Cullington & Zeng 2010) . Improvements in speech recognition can also arise because of "better ear glimpsing," the ability to detect the target signal during spectral or temporal dips of the masker, creating short periods with a favorable SNR (Li & Loizou 2008) . In our study, we presented two types of noise to investigate the effect of different mechanisms. Single-talker noise was used to simulate a realistic listening environment, including different cues to segregate multiple speech sounds, for example, differences in voice pitch, spatial separation, and better-ear glimpsing. For comparison, energetic masking with the stationary speechweighted noise included no other factors than spatial separation. However, we did not observe a difference in performance between stationary noise and single-talker noise in the S0N±90 speaker configurations. Possibly, the two single-talker noise sources, each presented from one side, were together too dense to allow for listening in the dips.
In both S0NHA and S0NCI, "squelch" implies that the impact of the masker is diminished in binaural listening by comparing interaural time, level, and/or spectral differences (Tyler et al. 2003) . Furthermore, the head shadow effect (HSE) plays a role when noise is presented from the CI or HA side, by creating a more favorable SNR at the contralateral side. In the S0NHA speaker configuration, we found significantly more benefit with the AGC-matched HA than with the standard HA, possibly indicating more squelch when assuming that the amount of redundancy and complementarity remains the same. The near absence of additional benefit from AGC matching when the noise source was positioned at the CI ear was possibly caused by the poor residual hearing in our subjects; since the HSE mainly attenuates the higher frequencies that are less audible through the HA, ILD cues may become unavailable. It should be further investigated how redundancy, complementarity, the HSE, and squelch contribute to the bimodal benefit in each of the speaker configurations and if these are indeed simple additive processes.
In the S0NHA configuration, we found significant SRM, when moving the noise source away from the signal as in S0N0. The SRM of 3.8 (standard HA) and 4.4 dB (AGC-matched HA) found in this speaker configuration is consistent with another bimodal study (Gifford et al. 2014 ) and can be attributed to a combination of the HSE and squelch. When noise was moved from the front to the CI side, subjects did not benefit from SRM. A possible explanation for the absence in SRM is the asymmetrical hearing performance between the CI and the HA, since the CI was the dominant device for speech understanding, being masked more in S0NCI than S0N0.
In questionnaires, we found a small but significant improvement for the AGC-matched HA compared with the standard HA for the timbre of sounds and for understanding one person in quiet and in noise. These findings were not confirmed with the SSQ, which did not show differences between both HAs. Even though 9 of 15 subjects chose the AGC-matched HA for use after the study, the SSQ was not sensitive enough to capture these subjective preferences. Mean SSQ ratings were comparable with another study with bimodal subjects, for all subscales (Noble et al. 2008) .
Although only shown for the combination of one CI processor and one type of HA, our results agree with the assumption that equivalent compression systems in general are superior to unmatched systems. Because of the overall additional benefit and the smaller intersubject variability found in this study, we would recommend to fit AGC-matched devices in bimodal stimulation. At this point, we cannot give any recommendations on other combinations of bimodal devices, in the absence of sufficient details of AGC processing in CI processors and HAs.
CONCLUSION
This study showed that a HA with AGC characteristics matched to that of the CI processor resulted in better speech understanding in noise as compared with a standard HA, a finding that was supported by positive questionnaire responses and usage preferences. Depending on the speech in noise speaker configuration, matching AGCs improved bimodal benefit insignificantly by 0.6 dB when noise was presented from the CI side to a significant 1.9 dB for noise from the HA side, adding up to a total 3 dB bimodal benefit in both S0NCI and S0NHA.
Questionnaires showed better results for the AGC-matched HA for speech understanding with one speaker in quiet and in noise, and for the quality of sounds. The AGC-matched HA was ranked best for listening comfort of a slightly raised voice. After the study, 9 of 15 subjects preferred to continue to use the AGCmatched HA, 1 preferred the standard HA and 5 patients did not have a preference for either one of the HAs.
Our findings encourage the use of a CI processor and HA with matched AGC characteristics for bimodal use. A limitation of the present study is that our subjects had rather poor residual hearing. Possibly, larger benefits can be achieved in bimodal listeners who have better audiometric thresholds across a wider frequency range.
